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Vibrational sum-frequency spectroscopyational sum-frequency spectroscopy were used to examine the structure and orga-
nization inphospholipidmonolayers at the aqueous/vapor interface in the absence and in the presence of simple,
charged surfactants. 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was the phospholipid employed in
these studies and surfactants included sodium dodecyl sulfate (SDS) and dodecyl trimethyl ammonium bromide
(DTAB). DPPC spontaneously spreads on a pure water (pH=5.5) surface to form monolayers as evidenced by
an equilibrium spreading pressure (ESP) of 7.9±2.3 mN/m and a clearly resolved vibrational spectrum. Low
concentrations of surfactants inhibit the spreading of DPPC and result in signiﬁcantly lower ESP values. Anionic
and cationic surfactants at higher concentrations have opposite effects on monolayer organization; SDS creates
well-organizedmonolayerswhile DTAB leads to poor organization of lipidmolecules. Surface-speciﬁc vibrational
spectra showed that high concentrations of charged surfactants (≥100 µM) lead to accumulation of net surface
charges as evidenced by destructive and constructive interferences. Selectively deuterating surfactants results in
changes in vibrational band intensities and phases enabling assignment of relative orientations of equivalent
functional groups belonging to the lipid and surfactant.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionStructure and organization of organic ﬁlms at liquid surfaces ﬁgure
prominently in a host of environmental and biological systems.
Examples include monolayers controlling uptake, evaporation, and
heterogeneous catalysis at aerosol interfaces [1–5] and the spreading
and compression of lung surfactant on the surfaces of alveoli [6–8].
Phospholipid ﬁlms on aerosol surfaces have even been proposed as
possible precursors to the very ﬁrst biological cells [9]. While the
importance of these organic ﬁlms can not be disputed, surprisingly
little is known about the properties of ﬁlms having mixed composi-
tion. These issues are particularly relevant as most biologically-
important, self assembled systems including cell membranes consist
of multiple surface active components.
Cell membranes – also referred as plasma membranes – can
contain up to 25 different types of lipids although typically only 3–4
dominate a given membrane's population [10,11]. The speciﬁc distri-
bution of lipids in a plasmamembrane depends on the type of the cell.
Human heart cell plasma membranes are rich in 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE) while 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC) is the major phospholipid structure
in red blood cell membranes [12,13]. Of particular importance inll rights reserved.controllingmembrane properties is the ability of phospholipids tomix
with other surface active species, such as sterols and proteins, and the
relative degree of order/disorder found within lipid assemblies having
varying composition [14–16]. As a result, detailed studies have charac-
terized properties such as miscibility and phase behavior of mixed
phospholipid systems [17–20]. Extensive studies on phospholipid –
cholesterol interactions at monolayers andmodel membrane systems,
for example, have investigated the solubility, interactions, reactivity
and organization under a variety of different conditions [21–26].
Considerably less is known about how simple surfactants impact lipid
organization and structure despite the ability of simple surfactants to
solubilize membranes and induce/promote domain formation within
the membranes [27–29]. These issues are particularly relevant given
that information about lipid raft composition is often inferred from
partial lipid assemblies that remain associated even in the presence
of (relatively) high detergent concentrations [30]. Understanding
surfactant-lipid interactions will likely provide better insight into
mechanism(s) of membrane solubilization.
While the properties of DPPC monolayers adsorbed to air/aqueous
interfaces are well characterized [31–37], only recently have studies
begun to examine the interfacial behavior of mixed monolayers and
bilayers where DPPC is the primary component [6,38–41]. Of
particular relevance to the work presented below is a recent report
from Harper and Allen that used surface-speciﬁc, vibrational sum-
frequency spectroscopy (VSFS) to study the structure of condensed
DPPCmonolayers deposited on the neat air/water interface and on the
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[42]. Based on changes in vibrational structure and clever isotopic
labeling schemes, the authors concluded that the anionic surfactant
competes with DPPC for available surface sites and that the combina-
tion of surfactant and lipid leads to greater conformational order
within the mixed monolayer system. Such surfactant-lipid interac-
tions raise a host of questions about how soluble surfactants inﬂuence
the surface properties of biological amphiphiles. More speciﬁcally, one
is left to wonder whether the anionic surfactant mixes ideally within
the DPPC ﬁlm, and what role that excess surface charge (from the SDS)
plays in altering the structure of lipidmolecules within themonolayer.
Experiments described below examine the effects of simple, solu-
ble surfactants on the ability of DPPC to form monolayers sponta-
neously at the air/aqueous interface. Surface pressure measurements
coupledwith surface-speciﬁc, vibrational spectroscopy show that very
dilute surfactant solutions inhibit the tendency of DPPC to spread at
the air/aqueous interface and that this effect is general for both
anionic and cationic surfactants. Increasing concentrations of anionic
and cationic surfactants lead to different monolayer organizations
having varying degrees of conformational order.
2. Materials and methods
2.1. Materials
DPPC consists of two saturated, 16-carbon acyl chains attached to
a 3-carbon glycero backbone and a zwitterionic choline headgroup
(Fig. 1). This lipid is the primary component of the lung surfactant
mixture that allows alveoli to expand and contract during respiration
and also is the primary building block in many cell plasma membranes
[43]. Surfactants used in the experiments discussed belowwere sodium
dodecyl sulfate (SDS), an anionic surfactant, and dodecyl trimethyl
ammoniumbromide (DTAB), a cationic surfactant. Both surfactants have
saturated,12-carbon chains and critical micelle concentrations in excess
of 8mM. Experiments examining the abilityof DPPC to formmonolayers
spontaneously in the presence of these surfactants used surfactant
solutions having bulk concentrations of 1, 100 and 500 µM. All experi-
ments were carried out at 295±1 K.
All solutions were prepared using pure water, Milipore Milli-Q
(N18 MΩ·cm resistivity, pH=5.5). DPPC was purchased from Avanti
Lipids (Cat. No. 850355P) and used as received. SDS and DTAB samplesFig. 1. Molecular structures of DPPC, SDS and DTAB.were purchased from FisherBiotech (BP166-100) and Sigma (D8638),
respectively. Deuterated SDS (d25) and DTAB (d34) reagents came from
Cambridge Isotopes (DLM-197-1) and ISOTEC Inc. (684260-SPEC),
respectively.
2.2. Surface pressure measurements
A Nima Langmuir-Blodgett trough (Model 302LL) was used to mea-
sure isothermsof phospholipidﬁlms adsorbed to the air-water interface.
Phospholipid ﬁlms were prepared by adding 10 µL of ~1 mg/mL DPPC:
chloroform spreading solvent on the surface of an aqueous solution
inside of the two barriers. Experiments began 20min after deposition to
allow chloroform to evaporate and DPPCmolecules to spread across the
surface. The ﬁlmwas compressed with a constant speed of 10 cm2/min.
This compression proved reversible as evidenced by a lack of hysteresis
in subsequent expansions and re-compressions of the pure monolayer
up to surface pressures of 15 mN/m.
Equilibrium spreading pressure (ESP) measurements were carried
out by placing a small, solid ﬂake of DPPC onto the surface of a given
subphase and then allowing the system to equilibrate for at least 24 h.
Monolayer formation ceases when the chemical potential of the mono-
mers on the water surface becomes equal to the chemical potential of
monomers in the “inﬁnite reservoir” of material provided by the solid
sample. By measuring the surface pressure of the monolayer at its ESP,
one can determine themonomer coverage bymapping the ESP onto the
surface pressure isotherm [44].
2.3. Vibrational sum-frequency spectroscopy
A detailed description of vibrational sum-frequency generation has
appeared in numerous sources [45–48]. Brieﬂy, SF generation is a
nonlinear optical process that occurs when two high intensity optical
ﬁelds with frequency ωir and ωvis overlap at the vapor/liquid interface
to generate a third frequency ωsf equal in energy to the sum of ωir and
ωvis. The intensity of the SF response, Isf, is proportional to the square
of second-order nonlinear susceptibility tensor (χ(2)) and the inten-
sities of the infrared (Iir) and visible (Ivis) beams:
Isf / jχ 2ð Þj2IirIvis = jχ 2ð ÞNR +χ 2ð ÞR j2IirIvis = jχ 2ð ÞNR + ∑
q
Aq
ωir−ωq + iΓ j2IirIvis ð1Þ
where χNR(2), χR(2), Aq, ωq, and Γ are the nonresonant and resonant sus-
ceptibility, amplitude, vibrational center frequency, and linewidth for a
givenmode q, respectively. Within the dipole approximationχ(2) must
vanish in centrosymmetric media meaning that a measured response
must necessarily arise frommolecules subject to the asymmetric forces
found at the interface. Although theχ(2) tensor has 27 elements, due to
rotational invariance at the interface there are only three independent
components: χyyz(2) ,χyzy(2) ,χzzz(2) . Different polarization combinations sam-
ple different elements of the χ(2) tensor. SF spectra in this work were
collected using an SsfSvisPir polarization combination to sample those
vibrational modes having the net transitionmoment aligned along the
surface normal (χyyz(2) ). More details about the system and spectra
collection procedures were given in previous reports [44,49,50].
3. Results and discussion
Surface pressure isotherms for SDS and DTAB are shown in Fig. 2.
Data agree well with previous published reports, [51,52] and a Gibbs
analysis shows terminal monolayer coverages corresponding to
2.5×1014/cm2 (SDS) and 2.9×1013/cm2 (DTAB). The experiments de-
scribed below focus on the ability of these soluble surfactants to either
promote or inhibit monolayer formation by DPPC at the liquid/vapor
interface. In particular we choose solutions having three different con-
centrations corresponding to different surface excess concentrations.
At bulk concentrations of 1, 100 and 500 µM, solutions of SDS have
Fig. 2. Surface pressure isotherms of SDS and DTAB. Solid lines represent ﬁts to the data
using a Gibbs monolayer isotherm for soluble surfactants.
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b0.1 mN/m (~1×106 Å2/molecule), 0.6 mN/m (N1000 Å2/molecule) and
2.7 mN/m (~100 Å2/molecule), respectively. For 1, 100 and 500 µM
solutions of DTAB, the surface pressures (and coverages) are 0.6 mN/m
(N500 Å2/molecule), 9.2 mN/m (123 Å2/molecule) and 22.7 mN/m
(76 Å2/molecule), respectively.
3.1. Surface area measurements DPPC
Fig. 3 shows the surface pressure isotherm of DPPC adsorbed to the
air/water interface. The isotherm was acquired by compressing anFig. 3. Surface pressure isotherms of DPPC on purewater and 1,100 and 500 µM SDS and
DTAB solutions. Asterisks show ESP values for each experiment. In the case of 500 µM
DTAB, the measured surface pressure is negative relative to 22.7 mN/m, the surface
tension of the surfactant solution without DPPC. See text for more details.expanded ﬁlm of DPPC molecules. The well-studied DPPC isotherm
on pure water shows a surface pressure lift-off at ∼90 Å2/DPPC mole-
cule, a liquid expanded/liquid-condensed coexistence region between
55–70 Å2/molecule and a condensed, incompressible ﬁlm between
40–50 Å2/molecule [36,37,53]. Isotherms of DPPC on 1 and 100 µM
solutions of SDS and DTAB are similar but not identical to that of DPPC
on pure water. One small but reproducible and noticeable difference
between the DPPC on pure water and DPPC on the 100 µM SDS
solution is that the pressure lift-off occurs at a higher lipid molecular
area on the SDS containing solution. Correspondingly, the length of
liquid expanded/liquid-condensed coexistence region increases by
∼10 Å2. This result could signify lipid-surfactant association leading to
larger effective areas per lipid molecule. Similar but less pronounced
behavior is observed for isotherms acquired for 1 and 100 µM DTAB
solutions. On 500 µM surfactant solutions, lift-off occurs at DPPC
molecular areas N160 Å2/molecule for both SDS and DTAB. With SDS,
the DPPC liquid expanded phase extends over a very large 70 Å2
window (160–90 Å2) and the liquid expanded/liquid-condensed coex-
istence region occurs at a higher surface pressure.
The rising pressure associated with the liquid condensed to solid
phase transition is virtually equivalent for DPPC on pure water and all
SDS solutions implying that SDS is reversibly squeezed out of the
monolayer at high pressures. In the case of a 500 µM DTAB subphase,
coexistence occurs at approximately the same surface pressure as
lower concentrations but at considerably expanded DPPC molecular
areas. The overall shift to larger areas of the DPPC isotherm on the
500 µM DTAB solution implies that the cationic surfactant is
integrated into the DPPC monolayer irreversibly. Here, the molecular
area values are given in terms of area per DPPC molecule. The surface
pressures of DPPC isotherms acquired from the surface of surfactant
containing solutions are reported relative to the equilibrated surface
pressures of each surfactant solution in the absence of DPPC.
An important point to remember is that isotherms of surfactant
solutions acquired in the absence of DPPC never show a measurable
change in surface pressure. As the area between the barriers shrinks,
any excess soluble surfactants on the surface resolvate back into
solution only to re-adsorb to the expanding area outside of the trough
barriers. If the surfactants were not interacting with the lipid, DPPC
isotherms on surfactant containing solutions would mirror the
isotherms of DPPC on pure water. The fact that lift-off occurs at
lower DPPC surface coverages (= larger area/molecule) indicates
strong, non-ideal attractive interactions between the surfactant and
the lipid.
Also marked on the isotherm are the ESPs of DPPC on sub-phases
of pure water, 1 and 100 µM SDS and DTAB. At room temperature
on pure water, DPPC spreads to form a monolayer having an ESP of
7.9±2.3 mN/m (Table 1). This value corresponds to a DPPC monolayer
on the high coverage side of the LC/LE coexistence regionwith an areaTable 1
Surface pressure data for DPPC monolayer on pure water and on SDS and DTAB
surfactant solutions
Subphase Surfactant solution surface pressure ΠH2O
⁎ Πsurfactant
#
Pure water – 7.9±2.3 –
SDS
1 µM 0 3.5±1.0 3.5±1.0
100 µM 0.6 11.5±0.6 10.9±0.6
500 µM 2.7 11.8±2.8 9.1±2.8
DTAB
1 µM 0.6 b1.0 b1.0
100 µM 9.2 11.7±0.7 2.5±0.7
500 µM 22.7 10.6±0.6 −12.1
All values are in mN/m.
⁎ ESP of DPPC or DPPC/surfactant relative to pure water surface tension.
# ESP of DPPC/surfactant system relative to surfactant surface tension.
Fig. 4. SFG spectra of DPPC on pure water and 1, 100 and 500 µM SDS solutions. The
circles appear in every 3rd data point for clariﬁcation. The lines are obtained by box
averaging of 5 consecutive data points. The spectra are offset vertically for clarity.
Dashed lines correspond to positions of d+ (2840 cm−1) and r+ (2873 cm−1) bands.
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reported that the DPPC does not spread on a Tris buffer solution
(pH=7.4) containing 150 mM NaCl [35]. The difference between our
observations and the reported DPPC behavior on the Tris buffer is
related to the difference in subphase composition and the driving
forces responsible for DPPC spreading across the surface. Studies in our
own lab have reproduced the Tris results (data not shown), and the
precision of the DPPC measurements on unbuffered (pH=5.5) water
show that the composition of the aqueous subphase plays an
important role on DPPC spreading at the aqueous/vapor interface.
On a 1 µM SDS solution, DPPC forms a monolayer that is much
more expanded compared to the monolayer formed on pure water.
The ESPmeasurement of 3.5±1.0 mN/m on SDS corresponds to surface
coverage of 77 Å2/DPPC molecule. On more concentrated SDS
solutions, DPPC spreads more readily with equilibrium surface
pressures of 10.9 mN/m on 100 µM SDS solutions and 9.1 mN/m on
500 µM SDS solutions. These values correspond to areas of 50 Å2/DPPC
molecule and 56 Å2/DPPC molecule, respectively. Within experimen-
tal uncertainty, these areas/DPPC molecule are almost equivalent and
bracket the surface coverage of DPPC itself at its ESP on pure water.
Again, we note that these surface pressures are referenced to the
surface tensions of the respective solutions in the absence of DPPC. For
example, the surface tension of a 100 µM SDS solution is 71.7 mN/m
corresponding to a surface pressure of 0.6 mN/m relative to the neat
water/vapor interface (γ0 for pure water at 295 K is 72.3 mN/m). With
DPPC present (in the form of a solid ﬂake), the surface tension drops to
61.2 mN/m resulting in the reported surface pressure of 10.5 mN/m
(= γ0–γ and γ0=71.7 mN/m for 100 µM SDS solution).
One important observation is that the effect of DPPC spreading is to
lower the surface tension of the system relative to the individual SDS
surfactant solutions. Solutions having low surfactant concentrations
(1 µM), however, appear to inhibit DPPC spreading relative to DPPC
behavior at the neat aqueous/vapor interface. Higher concentrations
promote slightly the formation of mixedmonolayer ﬁlms compared to
the behavior of DPPC at the aqueous/vapor interface in the absence of
surfactants. The ability of SDS to either inhibit or promote DPPC
spreading depending on the bulk anionic surfactant concentration
suggests a competition between surfactant adsorption and DPPC
spreading. This conclusion is consistent with ﬁndings fromHarper and
Allen that reported SDS enhancing ordering of the DPPC acyl chains,
although the authors examined systems for only a single surfactant
concentration (2 mM) that was considerably higher than the
surfactant concentrations used in the current studies [42]. More
importantly, our results imply that the balance between these two
phenomena – inhibiting vs. promoting DPPC spreading – changes as
surfactant concentration varies. These issues are explored in greater
detail below through an examination of the surface vibrational spectra
of these systems.
On a solution of 1 µM DTAB, the measured DPPC ESP value of
b1.0 mN/m shows that the DPPC does not spread to any measurable
extent. This surface pressure corresponds to an area of N85Å2/molecule.
In comparison to SDS, the low surface excess coverage of DTAB more
efﬁciently inhibits monolayer formation by DPPC. This behavior is
accentuated athigher bulk concentrations of the cationic surfactant. Due
to its more hydrophobic headgroup, DTAB is more surface active than
SDS, and a 100 µM solution of cationic surfactant has a surface pressure
of 9.2mN/m relative to neatwater at the solution/vapor interface.When
DPPC is added to the system (in the form of a solid ﬂake ofmaterial), the
surface pressure rises to 11.7 mN/m (relative to neat water,ΠH2O) for an
effective change of only 2.5 mN/m. Mapping this result into the surface
pressure isotherm shown in Fig. 3, we see again that DTAB effectively
reduces the ability of DPPC to spread across the interface.
Unusual behavior is observed when the DTAB concentration is
increased further. The surface pressure of a 500 µM DTAB solution
exceeds 20 mN/m. Adding DPPC to the system (in the form of a solid
ﬂake on the solution surface) leads to an increase in surface tensionand a corresponding negative surface pressure (of −12.1 mN/m).
Naively, onemight interpret this result as meaning that DPPC serves as
a “drain” on DTAB molecules at the surface, reducing the surface
excess coverage of all species and causing the surface tension to
increase. However, VSFS data show that DPPC does spread across the
surface of this solution – albeit slightly – meaning that any reduction
of DTAB surface excess is accompanied by an increase in DPPC surface
coverage.
3.2. Vibrational spectra and monolayer organization
Surface pressure measurements contain substantial information
about the thermodynamic states of monolayers, but the data provide
little insight into the structure of the mixed ﬁlms that form. To
examine molecular structure and conformation within the mono-
layers themselves, we employ VSFS, a technique with inherent surface
and molecular speciﬁcity [45]. Within the dipole approximation, VSFS
experiments probe the vibrational structure of the ordered surface
species without contributions from the underlying isotropic solution.
Fig. 4 showsVSF spectra of theDPPC/SDSmonolayers adsorbed to the
air/aqueous interface at the ESPofDPPC. These systemswereprepared in
a manner exactly equivalent to those systems used for the surface
tension ESP measurements. Surface pressure measurements from the
systems studied with VSFS following spectroscopic measurements
further ensured that data collected by these two independent methods
resulted from equivalent 2-dimensional monolayers. Included are spec-
tra acquiredwith both hydrogen-containing and deuterated surfactants.
Comparing the two otherwise equivalent systems enables one to
distinguish between contributions to the observed vibrational struc-
ture from DPPC and from the surfactants. Spectra were acquired under
SsumSvisPir polarization conditions meaning that only those vibrational
modes having a net out-of-plane projection of their IR transition
moments contribute to the spectrum. Band assignments are based on
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importance are the two bands centered at ~2840 cm−1 and 2873 cm−1.
These two features correspond to the acyl chain CH2 symmetric stretch
(d+) and CH3 symmetric stretch (r+), respectively. The relative r+ and d+
band intensities are often used as a measure of chain order/disorder
within monolayers [7,11,12]. A large r+/d+ ratio is associated with a well-
organized monolayer having all-trans hydrocarbon chains with methyl
C3 axes projected along the surface normal and the C2 axes ofmethylene
groups directed parallel to the surface. In contrast, a small ratio (and
correspondingly large d+ band) indicates chain structures with gauche
defect(s) and correspondingly poororganization ofmoleculeswithin the
monolayer.
The DPPC monolayer on pure water appears well organized as
evidenced by a large r+/d+ ratio. This result is consistent with the ESP
measurement that shows the DPPC to be in a mostly liquid-condensed
state. The VSF spectrum of DPPC in the presence of 1 µM SDS shows a
much smaller r+/d+ ratio implying that DPPC and SDS molecules are
collectively more disorganized than DPPC by itself. The spectrum
acquired from the 1 µM d25-SDS solution appears qualitatively similar
to that acquired from the solution having the hydrogen-containing
surfactant. Taken together, the ESP measurement coupled with the
VSF spectra show that small amounts of SDS (1 µM bulk solution
concentration) are capable of suppressing DPPC's ability to spread
spontaneously at the aqueous/vapor interface and that the resulting
mixed monolayer is largely disordered.
The cationic surfactant DTAB appears to be even more effective at
inhibiting DPPC spreading given the VSF spectra shown in Fig. 5. While
the 1 µM concentration, mixed monolayer spectrum shows features in
the –CH stretching region (with an r+/d+ ratio indicating considerable
disorder), all of the intensity appears to come from DTAB molecules.
Repeated experiments usingd34-DTAB shownomeasurable signal across
the CH stretching region. The low concentration DTAB results further
support conclusions drawn from surface pressure measurements.Fig. 5. SFG spectra of DPPC on pure water and 1, 100 and 500 µM DTAB solutions. The
circles appear in every 3rd data point for clariﬁcation. The lines are obtained by box
averaging of 5 consecutive data points. The spectra are offset vertically for clarity.
Dashed lines correspond to positions of d+ (2840 cm−1) and r+ (2873 cm−1) bands.Namely, low concentrations of surfactants in solution are very effective
at inhibiting DPPC spreading at the air/aqueous interface. Curiously, the
DPPC andDTABmust enjoy some limited cooperativity in forming a ﬁlm
at the air/water interface. VSF spectra of just the surfactant solution show
nomeasurable intensity in the CH region. (Data not shown.) Thus, while
spectra from the DPPC/d34-DTAB system are consistent with data from
the surface pressure measurements, the small, nonzero intensity
observed in the DPPC/DTAB VSF spectrum indicates a small amount of
poorly organized surfactant at the aqueous/vapor interface.
VSFS spectra of 100 and 500 µM SDS solutions are shown in Fig. 4.
Considering DPPC's relatively large ESP (of 10.5 mN/m) on the 100 µM
SDS solution, the VSF spectrum from this system shows surprisingly
high levels of disorder. Generally, a higher surface pressure corre-
sponds to more surfactants and/or lipids at the air/aqueous interface
and greater conformational order, not less. In contrast, the spectrum of
DPPC on the solution of 100 µM d25-SDS is distinguished by an absence
of intensity in the d+ region and a strong r+ band. Based on simple r+/d+
considerations we might interpret the data in the following way:
spectra fromDPPC on the surface of solutions having higher surfactant
concentrations create disorganized monolayer ﬁlms but the disorder
can be attributed entirely to the soluble surfactant. When the soluble
surfactant can no longer contribute to the observed vibrational spec-
trum (because of deuteration) the relative vibrational band intensities
imply highly ordered acyl chains. This picturewould be consistentwith
islands of tightly packed DPPC molecules separated by regions of
disordered soluble surfactants. Such structures have been observed in
microscopy studies of DPPC ﬁlms (without surfactants) across the
liquid expanded/liquid-condensed coexistence region as well as in
mixed monolayers of DPPC and other lipids [55–57]. VSF data from
DPPC on 500 µM SDS solutions follow the trends established by the
100 µM SDS system as well as observations from the surface tension
measurements.
Complicating this interpretation is the increasingly large signal from
water on the high frequency side of spectra acquired with d25-SDS. This
contribution arises from anisotropic water oriented by the double layer
formed when charged soluble surfactants adsorb to the water surface.
The adsorbed surfactants create a sheet of charge leading counter ions to
segregate some distance away from the surface. The resulting electric
ﬁeld forces water molecules to adopt a preferred alignment. Debye-
Hückel theory relates the thickness of the double layer region (Debye
length, 1/κ) to the ionic strength of the solution through the expression
1
κ
=
ere0RT
4πF2 ∑i z2i Mi
 !1=2
ð2Þ
where ɛr and ɛ0 are the relative dielectric constant of the solution and
that of vacuum, respectively. R, T, F, z and M are the gas constant, the
absolute temperature, the Faraday constant, and the charge and the
molar concentration of each ion, respectively [51,58]. With this
expression, the electrical double layer of a 100 µM surfactant solution
extends up to 30 nm into a surfactant solution (1:1 monovalent cation
and anion) and ~13 nm into a 500 µM surfactant solution. These
numbers are only approximate, however, and establish upper limits to
the depths affected by the accumulation of interfacial charge. Further-
more, we are unable to isolate the vibrational contribution arising from
the low frequency tail of the –OHsymmetric stretchingmotion fromχ(3)
effects due to the static electric ﬁeld created by double layer formation
[59–62]. A large water signal from double layer formation implies that
the monolayer has acquired a net charge [63–65]. Such effects are not
observed for neutral monolayers (such as alcohols or acids), nor do
zwitterionic headgroups create an electrical double layer across the
interface. Considering the fact that the electrical double layer results in
preferential alignments of water molecules at the interface, observed
trends in VSF spectra of mixedmonolayers formed by DPPC and soluble,
charged surfactants likely include destructive and constructive inter-
ference interactions between the double layer's electrical ﬁeld and
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be discussed in more detail below.
These interferences at higher and lower frequencies can affect the
relative peak intensities in both the 100 and 500 µMSDS/DPPC spectra.
The interference appears to have opposite phase depending on
whether SDS is hydrogenated or deuterated. While the low frequency
region of the spectrum for h25-SDS containing solutions is enhanced by
constructive interference, the features on the higher frequency side of
the CH region appear diminished by destructive interference. These
effects are reversed on the surfaces of solutions containing d25-SDS. A
relatively ﬂat region at lower frequencies and a large and increasing
background signal at higher frequencies show the destructive and
constructive effects, respectively. The asymmetric shapes of the r+
band in the SDS spectra further suggest that this feature is inﬂuenced
strongly by interference effects. Given that the d+ band will also be
strongly affected by interference effects, r+/d+ intensity ratios may not
be accurate indicators of conformational order and organizationwithin
the mixed monolayers. Again, these issues and possible origins of the
interference effects are addressed below.
Spectra of the DPPC monolayers on the 100 µM solutions of DTAB
and d34-DTAB are shown in Fig. 5. The spectra are qualitatively similar
for both DTAB and d34-DTAB solutions showing poor surface
organization evidenced by very large d+ intensities. This behavior
contrasts sharply with observations made for the higher concentra-
tion SDS solutions just described. Despite ambiguities resulting from
surface pressure measurements about the composition of mixed ﬁlms
on DTAB solutions, VSF spectra show the coexistence of both
molecules at the interface. Molecular organization within the mixed
monolayer ﬁlms appears similar for the 100 and 500 µM solutions,
although the DPPC molecules may be slightly more ordered on the
500 µM d34-DTAB solution than on the 100 µM d34-DTAB solution.
Here, we again note that these admittedly simple interpretations
overlook the possibility that vibrational band intensities and line
shapes can be altered through interference effects.
To understand the differing effects of SDS and DTAB surfactants on
DPPC monolayer formation, we begin by focusing on the Coulomb
interactions that can occur between the zwitterionic phospholipid
headgroup and the charged headgroups of the soluble surfactants. In
particular, we consider ﬁrst the results from solutions containing low
surfactant concentrations. Previous studies showed that DPPC adopts
an equilibrium structure at the air/water interface that points the
alkyl chains along the surface normal and orients the zwitterionic
headgroup mostly parallel to the surface with slight inclination into
the water subphase [57,66,67]. This orientation of the phospholipid
headgroup leaves the negatively charged phosphate group less
accessible for direct interactions with other adsorbed species. In
contrast, the positively charged quaternary ammonium group is much
more exposed. With the help of these simple considerations, one
predicts that the anionic surfactant, SDS, interacts easily with the
phospholipid headgroup in such away that the electrostatic attraction
between the two oppositely charged sites helps promote surface
organization by stabilizing lipid-surfactant interactions. However, the
easy-to-access quaternary ammonium group interacts repulsively
with the cationic DTAB surfactant molecule resulting in poor
organization and more expanded structure in the mixed monolayer.
These effects show up in the surface pressure isotherms that lift-off at
higher DPPCmolecular areas on SDS containing solutions and effective
equilibrium surface pressures (Πsurfactant) that are consistently higher
on SDS solutions.
Note that these Coulomb interactions do not require any implicit
assumptions about the homo-orheterogeneity of themonolayer formed
at the aqueous/vapor interface. When considering simple charged sur-
factants adsorbed to the aqueous vapor interface, one generally assumes
that the monolayer is homogeneous and that the surfactants do not
aggregate due to repulsive coulomb interactions. Zwitterionic surfac-
tants including phospholipids, however, can show complex 2-dimen-sional phase behaviorwith different thermodynamic states coexisting at
different surface pressures [56,57,68]. Such coexistences raise the
possibility that the monolayers probed in VSF experiments are
heterogeneous and that the data reﬂect two distinctive contributions,
one from well ordered DPPC molecules organized in islands and a
second contribution from areas populated primarily with soluble
surfactants. Mixed – or “patchwork” – interfacial organization has
very clear consequences for the properties of ﬁlms at the aqueous/vapor
interface and the resultingvibrational structure. These consequences are
explored in a qualitative manner in the next section.
3.3. Interference effects in VSF spectra of mixed lipid-surfactant ﬁlms
Complicating the simple interpretation of ﬁlm organization based
on r+ and d+ intensities presented above is the fact that VSF is a
coherent process whereby each symmetry allowed vibrational transi-
tion can contribute to a VSF spectrum with both an amplitude and a
phase. If two vibrations share spectral overlap and have the same
phase, they interfere constructively. If vibrations in the same spectral
region differ in phase by π radians, then they interfere destructively.
Features in VSF spectra of DPPC monolayers on surfactant solutions
contain interference effects from a variety of sources. To understand
these effects quantitatively would require extensive modeling and
numerous assumptions about vibrational amplitudes, frequencies and
phases. Such parameters are difﬁcult to intuit based simply on the
absence and presence of speciﬁc vibrational bands, or by making
quantitative comparisons of band intensities. Thus, in this section we
consider a systematic but qualitative approach to help identify trends
that appear in mixed DPPC/surfactant monolayers, especially those
formed on solutions having higher bulk surfactant concentrations.
As pointed out in Eq. (1), the measured sum-frequency response
from a given system can contain nonresonant and resonant contribu-
tions. When interpreting the vibrational spectra of DPPC monolayers at
their ESP on purewater, we neglect the nonresonant contribution to the
observed signal. The assumption that χNR(2) =0 was based on symmetric
band shapes and a relatively ﬂat baseline on the high and low frequency
sides of spectra. However, spectra of DPPC monolayers on solutions
containing charged surfactants often show strong asymmetry in CH
vibrational features and an inclined background usually on the high
frequency side of the CHstretching region.Asnotedabove, this behavior
can represent contributions from the electrical double layer created by
accumulation of excess charge at the interface as well as from the low
energy edge of the broad, water –OH stretching band. A number of
studies have examined how this double layer affects the structure and
VSF spectra of water, but few reports have considered explicitly how the
electrical double layer will interfere with vibrations in the –CH
stretching region [42,61,64,65,69–74]. In the following discussion, we
explore several ways in which different elements of the second-order
susceptibility can affect vibrational band intensities in the spectra of
mixed lipid-surfactant ﬁlms adsorbed to the aqueous/vapor interface.
Since the widths of water vibrational bands are much larger com-
pared to the –CH stretching bands and the peak position of the water
band is shifted several hundred cm−1 away from the –CH stretches, the
effects of water oriented by the electrical double layer and the ﬁeld
created by the double layer itself are treated as an effective nonresonant
contribution to the χ(2) tensor. If we assume the presence of two vibra-
tional bands, a and b, in addition to the nonresonant (water) signal,
Eq. (1) can be expressed as:
Isf / jχ 2ð ÞH2O +χ 2ð ÞRa +χ 2ð ÞRb j2 = jχ 2ð ÞH2O + Aaeiϕaωir−ωa + iΓa + Abeiϕbωir−ωb + iΓb j
2
ð3Þ
Here amplitude term of each vibration is expressed as a piece that
depends explicitly on oscillator strength (Aq) and phase (ϕi). χ
2ð Þ
H2O
reﬂects contribution from both aligned H2O molecules and the static
electric ﬁeld characterized by the surface potential. This expression is
Fig. 6. VSF spectra of imaginary vibrational bands, a and b, in the absence of any water
contribution (Case I). The spectrum denoted by the dashed line in the lower panel
represents a simple sum of vibrations a and b without allowing for any interference.
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mated response functions plotted below. Due to the functional form of
thewater band, we approximate this contribution to the susceptibility,
jχ 2ð ÞH2Oj
2, as a line with a slopem and an intercept b. Parameters used in
this two state system are given in Table 2. We emphasize that the
parameters were chosen explicitly to represent the –CH vibrational
resonances typically observed in the spectra of alkyl and acyl chain
containing monolayers.
With this idealizedmodel, we can begin to visualize the role played
by interference effects in VSF spectral band shapes and band
intensities. We consider two general cases: one where the nonlinear
susceptibility term from water does not contribute the spectrum
leaving only the vibrational resonances themselves to interfere with
each other and a second case where χ 2ð ÞH2O makes nonzero contribu-
tions to themeasured VSF spectrum.Whenχð2ÞH2O≠0, this termwill have
a well deﬁned phase relative to the two vibrational resonances. Our
studies include systems that requireχ 2ð ÞH2O to change sign depending on
the identity of surfactants adsorbed at the interface.
Case I.
χ 2ð ÞH2O = 0
1Þϕa = ϕb
2Þϕa = ϕb + π
In Case I, we assume that there is no contribution fromwater to the
observed intensity. This condition is relevant for uncharged mono-
layers as well as for DPPC monolayers on pure water where the
zwitterionic headgroup lies parallel to the water surface. A zero
nonresonant contribution is also appropriate for solutions having low
surfactant concentrations as evidenced by spectra from the 1 µM
surfactant solutions shown in Figs. 4 and 5.
Fig. 6 shows the calculated intensities of a model VSF spectrum
containing contributions from the two vibrational resonances having
the properties reported in Table 2. The top panel shows the two
vibrational bands themselves. The bottom panel shows the resulting
VSF spectra that result when these two vibrations have the same
phase (ϕa=ϕb) and opposite phases (ϕa=ϕb+π).
For both constructive and destructive interference conditions, the
primary effects of interference on the VSF spectra involve intensity
changes. Constructive interference leads to higher intensity than a sim-
ple sum of two vibrational bands and destructive interference reduces
vibrational intensity of both bands. When two vibrations interfere
destructively, one also observes a pronounced dip in intensity between
the two bands. This effect has a larger impact on the lower frequency,
lower intensity band, b, as the ratio of intensities Ia/Ib increases from 1.5
for Case I.1 to 3.0 for Case I.2 (This same ratio for the simple sum of
vibrations is 1.9.). More subtle consequences resulting from interfer-
ences include small changes in linewidth and apparent vibrational
frequency. These effects, however, are typically less than 1 cm−1 and
incapable of being resolved byour experimental assembly. The impact of
interferences on VSF spectra under Case I conditions will depend upon
the characteristics of the vibrations themselves (Ai, Γi,ωi). Nevertheless,
this simple treatment of vibrational resonances relevant to the
experimental systems studied allows us to conclude that in the absenceTable 2
Parameters used to ﬁt the response curves in the presence of linear water contribution
Number of data points 2000
Equation for water
contribution term
|χH2O
(2) |2=1×10−4 ωir–0.2965
Aa 1 Ab 0.5
ωa 3000 cm−1 ωb 2985 cm−1
Γa 2√3 cm−1⁎ Γb 2√3 cm−1⁎
⁎FWHM=|Γ2|=12, measured amplitude at ωi = |Ai|2/|Γi|2.of a contribution fromχ 2ð ÞH2O, the intensities of different vibrational bands
relative to each other lead to qualitatively similar interpretations regard-
less of the respective phases of the vibrational resonances.
Case II.
χ 2ð ÞH2O ≠0
1Þ ϕH2O =ϕa =ϕb
2Þ ϕH2O =ϕa + π =ϕb + π
3Þ ϕH2O =ϕa + π =ϕb
4Þ ϕH2O =ϕa =ϕb + π
Relative band intensities become more complicated to interpret in
the presence of a nonresonant (water) contribution to the spectral
intensity (Case II). Here we consider the effects of χ 2ð ÞH2O when all three
terms (ϕH2O, ϕa, ϕb) have the same phase (Case II.1), when the two
vibrational resonances both have the opposite phase of χ 2ð ÞH2O (Case II.2)
and when one vibrational resonance is in phase with χ 2ð ÞH2O and the
other vibration has the opposite phase (Cases II.3 and II.4).
Fig. 7 shows the effects of χ 2ð ÞH2O on vibrational band intensities
when the two vibrational resonances have the same phase (Cases II.1
and II.2) and are either in phase or 180˚ out of phasewith χ 2ð ÞH2O. Spectra
in the lower panel show that the primary effect of the interference is
on the absolute band intensities. Relative intensities are not affected
signiﬁcantly. (Ia/Ib=1.4 for Case II.1 and 1.9 for Case II.2.) This picture
changes dramatically, however, when one vibration is in phase with
χH2O
(2) and the second resonance is 180˚ out of phase. (Fig. 7) Under this
condition, destructive interference virtually eliminates intensity from
the out-of-phase vibration while modestly enhancing intensity of the
in-phase vibration. Relative Ia/Ib intensity ratios vary between 130
(Case II.3) and 0.29 (Case II.4). Again, in the absence of any interference
effects this ratio is 1.9 (Fig. 6).
With these explicit effects in mind, we can revisit spectra from the
mixed lipid-surfactant ﬁlmswith a goal of identifyingwhether speciﬁc
systems can be categorized according to the cases deﬁned above. Our
analysis begins by noting that spectra fromﬁlms of DPPC onpurewater
and dilute surfactant solutions show little evidence of interference
from χ 2ð ÞH2O meaning that all ﬁve spectra – four if the DPPC/1 µM d34-
DTAB system is excluded – fall into either the Case I.1 or Case I.2 limits.
Of the three prominent features in each spectrum, d+, r+, and r+FR (an
Table 3
Proposed phase relationship for the monolayers of DPPC on 100 and 500 µM charged
surfactants
Subphase dsurfactant+ dDPPC+ rsurfactant+ rDPPC+
SDS 0 π π 0
DTAB 0 0 0 π
The values are relative to the χ 2ð ÞH2O =0.
Fig. 8. Schematic representation of the mixed monolayer formation at ESP. a) a DPPC
island, b) a region between the lipid domains rich in charged soluble surfactants.
Fig. 7. VSF spectra of imaginary vibrational bands, a and b, in the presence of a nonzero
water contribution (Case II).
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~2940 cm−1, [47–49]), only d+ and r+ are close enough in frequency to
experience interference. Onemight argue that the build-up of intensity
between the two features and the almost imperceptible shifts in
frequency suggest limited constructive interference, but such a claim
tests the limits of inherent experimental uncertainty. Thus, we
conclude that this ﬁrst collection of spectra show little evidence of
interference of any type.
The situation changes when the surfactant concentrations rise to
100 μM and 500 µM. Earlier studies by Gragson and Richmond demon-
strated that solutions of SDS (with no lipids) create electrical double
layers that interfere constructively with r+ (and r+FR at ~2945 cm−1)
whereas solutions of soluble cationic surfactants create electrical double
layers at the aqueous/vapor interface that interfere destructively with r+
and r+FR [61,71]. Vibrational resonances that show the most dramatic
changes as a function of surfactant concentration are r+FR, and d+.
Inspection of Figs. 4 and 5 shows that spectra from DPPC on 100 and
500 µM SDS solutions exhibit the most pronounced effects of
interference between χ 2ð ÞH2O and –CH vibrational resonances. When both
lipid and surfactant are hydrogenated, spectra show signs of destructive
interference between r+FR and the contribution of water coupled with
constructive between d+ and χ 2ð ÞH2O. Substituting d25-SDS for h25-SDS
causes the interference to change sign with d+ virtually disappearing
from the spectrum and r+FR showing appreciable amplitude on top of the
rising baseline due to water aligned by the electrical double layer. Using
the notation developed above with d+ corresponding to vibration b and
either r+ and/or r+FR corresponding to vibration a, the DPPC/h25-SDS
system appears to resemble Case II.4 (d+ in phase with χ 2ð ÞH2O while theDPPC/d25-SDS system bears closer resemblance to Case II.3 (r+ and r+FR in
phasewithχ 2ð ÞH2O). The phase relations of different contributinggroups for
100 and 500 µM SDS and DTAB solutions are summarized in Table 3.
Ironically, with constructive interference between r+ and χ 2ð ÞH2O, the
spectra from thed25-SDS solutionsmore closely resemble those reported
byGragson andRichmond (for h25-SDS onH2O) than do spectra from the
DPPC/h25-SDS systems [61,71]. Our data from the DPPC/h25-SDS ﬁlms
have more similarities with spectra acquired from charged monolayers
having a net positive charge. Thus, the difference between our data and
studies of monolayers formed by simple charged surfactants must be
related to the presence of DPPC molecules at the interface. The opposite
effects observed between the two sets of data show that the formation of
DPPC monolayers in the presence of an anionic surfactant creates a pre-
ferential water alignment, but h25-SDS and d25-SDS affect the resulting
vibrational structure in opposite ways. In principle, one explanation for
this trend might be related to a change in phase of χ 2ð ÞH2O. Such an effect
would be equivalent to switching the orientation of the electrical double
layer by 180°. Given the species that can create the mixed ﬁlm – DPPC
and SDS – this explanation seems unlikely. If χ 2ð ÞH2O does not change sign,
then the phases of the vibrations themselves must change sign. In the
DPPC/h25-SDS system, contributions to the –CH vibrational bands can
come from both the lipid and the surfactant. When the surfactant is
deuterated, however, the phases of d+, r+ and r+FR are determined solely
by the lipid. Consequentlywe assign all of the vibrational intensity in the
DPPC/d25-SDS spectra toDPPCnoting the similarities between these data
and those spectra resulting from simple SDSmonolayers adsorbed to the
aqueous/vapor interface [61,71]. Furthermore, if the sign of r+ and r+FR
changes in between the DPPC/h25-SDS and DPPC/d25-SDS systems, we
conclude that the methyl groups of the SDS have the opposite phase
with χ 2ð ÞH2O and the DPPC methyl groups. (Table 3) Such a structure
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oriented in opposite directions.
Spectra from the DPPC/DTAB are quite similar for both 100 and
500 µM concentrations. The strong d+, weak r+FR and dip in intensity at
2950 cm−1 point to Case II.4 conditions. Unlike observationsmadewith
SDS, deuterating the cationic DTAB surfactant has very little effect on
the resulting vibrational spectrum. Therefore, using reasoning similar
to that applied to the SDS systems, the spectral features predict that
water molecules have a preferred alignment with χ 2ð ÞH2O opposite in
phase relative to theDPPCmethyl groups. The–CH2 and–CH3 groups of
h34-DTAB do not qualitatively alter the relative phases observed for d+
and r+ compared to the d34-DTAB/DPPC system.We therefore conclude
that the alkyl groups of DTABmolecules adsorbed to the interfacemust
have the opposite alignment as the corresponding functional groups of
theDPPCmolecules leading to Case II.4 rather than Case II.2 conditions.
In conclusion, the anionic and cationic surfactants have opposite
contributions with DPPC molecules into the VSF spectra. The analysis
of the interference effects in the spectra shows that the orientation of
the DPPC molecules and that of charged surfactant molecules are
distinctly different. This difference requires that the lipid and charged
surfactant molecules likely coalesce in different domains at the inter-
face leading to the formation of regions that are rich in DPPCmolecules
and the regions that are rich in charged surfactant monolayers. As
mentioned earlier, microscopy studies have shown that DPPC mono-
mers form domains at thewater surface [56,57]. If the lipids do, in fact,
form islands at the surface, the soluble, charged surfactants will likely
spread in the regions between the DPPC isles and have disordered alkyl
chains. These chains can interfere destructively with the hyperpolar-
izability of the ordered lipid chains leading to pronounced band
asymmetry and unexpected variation in band intensities. A proposed
monolayer structure at ESP of DPPC at high concentrations of SDS
solutions is illustrated schematically in Fig. 8. In this ﬁgure,
phospholipid molecules are assumed to be condensed in domains
and have relatively well deﬁned organizations. The SDS molecules
adopt more disorganized structures on water surface between the
DPPC domains. The water molecules in regions between the DPPC
domains can be preferentially aligned due to the electrical double layer
created by the adsorbed SDS molecules. The directionality of this
aligned layer is determined by the charge of the surfactant and is
opposite for the two charged surfactants. In the case of DPPC
monolayers formed on solutions of SDS, the double layer orients
water dipoles to have a similar projection on the surface normal as the
DPPC methyl groups and constructive interference is observed.
Changing the charge on the surface inverts the double layer charge
distribution and water orientation leading to an opposite phase
relationship and destructive interferencewith the lipidmethyl groups.
To summarize the ﬁndings from this work, surface tension results
showed that low concentrations of surfactants inhibit the spreading of
DPPC signiﬁcantly. Anionic and cationic surfactants at higher concen-
trations have opposite effects in monolayers organization; SDS creates
well-organized monolayers while DTAB leads to poor organization of
lipid molecules. Surface-speciﬁc vibrational spectra showed that high
concentrations of charged surfactants (≥100 µM) lead to accumulation
of net surface charges as evidenced by destructive and constructive
interferences. Selectively deuterating surfactants resulted in changes
in intensities and relative contributions of different groups to the
spectra suggesting heterogeneous domains of surface. The study re-
quires further investigation using microscopic analysis of the mono-
layers at ESP.
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